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ABSTRACT

The NASA Lewis Research Center has acquired several high-field magnets with field
strengths in the range of 3 to 20 teslas. These include conventional, water-cooled copper
magnets and cryogenically cooled (superconductive and nonsuperconductive) magnets. The
design, construction details, and performance of these magnets are described in this re-

port. The devices which are used to power and control the magnets are likewise described.
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HIGH-FIELD ELECTROMAGNETS AT NASA LEWIS RESEARCH CENTER

by James C. Laurence

Lewis Research Center

SUMMARY

Over the past ten years, in response to research requirements, a program has
been carried out at NASA Lewis Research Center to develop high-field electromagnets.
Early in the program, water-cooled copper solenoids in the 10-tesla range were de-
veloped. These magnets were limited in their high-field capabilities by the power avail-
able to supply them. Subsequently, neon-cooled aluminum coils were designed, and two
large electromagnets in the 15- to 20-tesla range were developed.

In the early 1960's the advent of superconductors with high field capability resulted in
the construction of large superconductive magnets with field strengths up to 14 teslas and
large working volumes (15 cm diam).

The design, construction, and testing of these magnets are described in this report.
The devices which are used to power and control the magnets are also described.

INTRODUCTION

The Lewis Research Center has primary NASA responsibility for research on ad-
vanced concepts of power generation and propulsion. Some of these concepts require in-
tense, large-volume, magnetic fields, generated by lightweight equipment with low power
consumption. Electric propulsion, magnetohydrodynamic power generation, thermo-
nuclear power and propulsion, space radiation shielding, and reentry of spacecraft into
the Earth's atmosphere are some of the concepts for which such magnetic fields may be
required. In addition, the development of intense magnetic fields is of importance for
studies in a variety of disciplines, such as elementary particle physics (accelerators,
bubble chambers), solid-state physics, and plasma physics.

In 1957 (the beginning of magnet research and development at the Lewis Research
Center) most large, high-field electromagnets were constructed of copper coils cooled
by water (refs. 1and 2). At that time the Massachusetts Institute of Technology had mag-
nets, designed by Bitter (ref. 2), in the 10-tesla range which used several megawatts of




power at 170 to 180 volts. Because of this voltage, the Bitter design required very good
interturn insulation and deionized water for the coolant. Both of these requirements are |
expensive and difficult to provide. For example, for the large test volumes desired, de-

ionized water would be difficult to produce and store in sufficient quantity. Hence, a large
heat exchanger would be needed to transfer the heat generated in the coils to a reservoir |
of untreated water. This type of system uses pumps, filters, and associated equipment ‘
which can become expensive. 1
When the program to provide large-volume, intense magnetic fields was initiated at “
the Lewis Research Center, many different means of producing these fields were investi- ‘
gated. To reduce structural problems and simplify magnet construction and operation, it

was decided to use low-impedance, high-current design. This design criterion was ap-
plied first to the copper water-cooled coils, and later to the aluminum cryogenically |
cooled coils. The magnets and power sources which resulted from this program are de- |
scribed in this report. :

A homopolar generator controller and an electronic ramp-and-hold function generator
for charging control of electromagnets are described by Erwin H. Meyn and Russell J. |
Jirberg in appendixes A and B, respectively.

Major contributions to the design of the magnets and control systems described in
this report were made by the following persons: Paul R. Aron, Gerald V. Brown,
Edmund E. Callaghan, Willard D. Coles, John C. Fakan, Wayne R. Hudson, Russell J.
Jirberg, and Erwin H. Meyn.

POWER SUPPLIES
Homopolar Generator

A large homopolar generator (ref. 3) was selected as the best power source for the
low-impedance electromagnets to be constructed. These windings are powered by a sepa-
rate motor generator set with a controllable output. The charges induced on the rotating
cylinder are collected by two flowing streams of a sodium-potassium alloy (NaK). These
charges are transferred to bus bars which carry the current to the load. Figure 1is a
photograph of the homopolar installation. The motor switch gear, the exciter set, the
generator, the NaK pumps, and the speed increaser are shown in this photograph.

The operating range of the generator and its associated equipment and a response
curve are shown in figure 2 up to the 1-minute limit. The continuous rating, however, is
60 000 amperes at 1.8 megawatts. The upper current limit is determined by the current
capacity of the steel rotor so as to avoid overheating, which would destroy the insulation }
on the rotor. ‘i
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Figure 2. - Operational characteristics and typical response
curve of the homopolar generator.




The output potential (fig. 2(a)) of the generator is a function of the rotational speed
and the field power. The constant rotational speed limits the maximum voltage to 38 volts
because of the generator field windings, the associated iron saturation, and the maximum
output of the exciter. The electromotive force of the homopolar generator is controlled
through the control of the exciter set. The machine can be operated in two modes. Since
the internal resistance of the generator is only a few microhms, one mode of operation
provides a constant-voltage or zero-impedance characteristic whereby the system cur-
rent is determined by the load resistance. In the other mode, the current regulation is
independent of load resistance and thus constitutes a constant-current system.

Since the time constant of the generator circuit is large (about 2. 5 sec) compared
with the desired current rise time in magnet applications, the automatic control circuit
uses a forcing technique to raise the output to 90 percent of the preselected value (fig.
2(b)) in about 1 second. By use of proper circuitry (see appendix A) this driving voltage
can be reversed in polarity and the voltage can be used to drive the current to zero very
quickly. This field-forcing feature is most valuable when the generator is used, as it is
at Lewis, to power an electromagnet of high inductance, long time constant, high energy
storage, and limited capacity of cryogenic coolant,

An electronic ramp-and-hold control for the homopolar generator has been designed
and used successfully to control the rate of increase or decrease of the current (appen-
dix B).

This generator and control system has proved to be an excellent magnet power sup-
ply. The ripple in the supply voltage is for practical purposes nonexistent (<1 mV at full
rated current). The maintenance problems have been concerned primarily with supplying
the NaK system with a continuous dry cover gas, such as nitrogen or argon, and limiting
the very high current runs so that the rotor insulation is not damaged by overheating.

Transformer-Rectifier System

In addition to the homopolar generator a transformer-rectifier power supply is used
to power some of the electromagnets. This system is a three-phase, full-wave rectifier
supplied from variable-voltage transformers.

In figure 3, which shows one phase of the rectifier power supply, the 440-volt, 60-
hertz input is regulated to compensate for line voltage variations. This voltage is then
applied to a pair of variable transformers. The movable contact wipers of this variable
set of transformers (T-1 and T-2) travel in opposite directions. When both wipers tap
equal potential points, zero voltage is supplied to the primary of transformer T-3; its
secondary has no voltage drop across it. The voltage drop across the primary of trans-
former T-4 is then 440 volts. However, when the voltage taps of T-1 and T-2 are at op-
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Figure 3. - Schematic diagram of rectifier power supply.

posite ends of the tapped windings, 440 volts will be supplied to the primary of T-3.

The one-to-one winding ratio of T-3 will, therefore, produce 440 volts across the second-
ary of T-3. If the phase of this voltage, which is in series with the 440-volt line, is sub-
tractive, then the voltages will cancel and apply zero volts to T-4. Conversely, the op-
posite extremes of T-1 and T-2 will yield 440 volts of the opposite polarity across the
secondary of T-3, which is additive, and T-4 will be energized with 880 volts on its pri-
mary.

This variation, to 880 volts, presented to the rectifiers connected in a three-phase
bridge circuit from the three-phase, step-down rectifier-transformer controls the output
of the supply from 0 to 45 volts dc. This power source is capable of supplying 15 000
amperes continuously or 30 000 amperes for 2 minutes.

Flux Pump

For superconducting magnets, large persistent currents are built up in small steps
by flux pumping. The flux pumping can be done mechanically, by a rotating shaft which
provides the energy to be stored, or electrically.

The flux pump developed for the Lewis Research Center operates entirely electrical-
ly (ref. 4). The low-voltage, low-current ac input to the cryogenic part of the circuit is

. carried by small conductors which minimize the heat leak into the Dewar.

The flux-pump circuit, shown in figure 4, operates very much like a full-wave recti-
fier, with special superconducting switches replacing the rectifiers. These superconduct-
ing switches resist the flow of the current in the reverse direction only if they are driven
normal by the application of a field or a thermal pulse. In this case the switches have
zero resistance in the forward direction and normal-state resistance in the reverse di-
rection. The current is supplied through a step-down transformer wound with a super-
conductor to two saturable reactors and the superconducting switches. The switches are
alternately opened and closed by the voltage swings of the superconducting transformer.
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Figure 4. - Schematic diagram of flux-pump circuit.

Therefore, the ac current through the magnet coil (the load) builds up in a series of steps.

By proper phasing of the superconducting switches, the energy can also be removed from
the magnet and dissipated in the external circuit.

The flux pump in use furnishes 1750 amperes maximum of charging current in a time
interval of 60 seconds to a load of 2><10‘3 henry.

NORMAL CONDUCTOR MAGNETS

The unique feature of the homopolar generator - a very low ratio of output voltage to
current - leads to certain advantages in designing the magnets. The following are three
of these advantages:

(1) The magnet windings can be made in large cross section of high-purity material
to take advantage of the very heavy currents that can be drawn from the machine. These
conductors are inherently stronger because of their size and may be nearly self-
supporting in the fields produced.

(2) Since the potential difference between turns of a magnet designed according to this
concept is small (of the order of 1 or 2 V) no special high-voltage insulation or water
treatment is necessary. The cooling water can be drawn from the mains and disposed of




in the sewer. In addition, there are no hazards because of high voltage.
(3) Cryogenic cooling of the conductors, which reduces their resistance by a factor of

1000 or more, can be used in the design and can be adapted to the low output impedance of
the generator.

Water-Cooled Copper Solenoids

Two water-cooled magnets have been designed and built to operate from the homo-
polar generator (ref. 3). In each of these a helix was formed from a solid billet of
commercial-grade copper of circular cross section. The billet was bored to a convenient
diameter smaller than the desired final inside diameter and a length of steel pipe was fit-

ted into the hole. By cutting a deep spiral cut nearly to the pipe (which was added for sta
bility and support during the machining) and then removing the pipe and boring the inside
diameter to the final value a helix was formed. Radially directed insulating spacers,

0. 063 centimeter thick, 1 centimeter wide at the outer radius of the helix, and 0. 1 centi-
meter wide at the inner radius, were placed at 15° increments between turns of the helix
(fig. 5). The helix was then collapsed onto the spacers to form the magnet core. This
core was attached to large bus connectors at the ends and encased in a housing which pro-
vides for coolant passages concentric with the magnet bore at the inner and outer periph-

C-56811

Figure 5. - Assembly of spacers in core of 11-tesla water-cooled electromagnet.




TABLE I. - SPECIFICATIONS OF WATER-COOLED MAGNETS

Specification Magnet

5-cm bore {10-cm bore
Number of turns 24 20
Thickness of turns, cm 0.95 2.032
Spacing between turns, cm 0.064 0. 102
Packing fraction 0.94 0.9
Inner diameter of coil, cm 5 10
Outer diameter of coil, cm 40 50
Ratio of outer to inner diameter of coil 8.00 5.0
Ratio of length to inner diameter of coil 4.85 4,2
Inner diameter of liquid-helium Dewar, cm 156 6.0
Inner diameter of magnet core at room temperature, cm 4.6 8.9
Maximum magnetic field, T 11.0 8.85
Current, kA 90 150
Total voltage, V 18 13.8
Voltage between turns, V 0.6 0.4
Cooling-water flow rate at 4><105 N/m2 pressure, kg/sec 18. 2 38.4
Cooling-water temperature rise, 2c 22 13
Ratio of magnetic field to current, T/A il 15><10—4 0. 59><10'4
Stored energy per unit volume, J/c m 47.9 31.00

eries. The dimensions and operational characteristics of these two magnets are given in
table I.

The cooling water flows in at the bottom center of the magnet and then radially out-
ward between the turns to the periphery where it is collected and discharged (fig. 6). The
water is drawn directly from the mains at normal city water pressure and, because of the
low potential drop (_<_1 V) between turns, requires no special treatment. The water flow
rate is from 10 to 40 kilograms per second.

Some of the other noteworthy features of these water-cooled magnets are the high
packing fractions (ratio of conductor volume to the total volume of the coils) of 0. 94 and
0.97, the small temperature rise of the cooling water, the distribution of the current
which is inversely proportional to radius (most current where the magnet produces the
most field), and the amounts of energy stored per unit volume (47.9 and 31.0 J/cm3).

The massive size of the conductors, 2.0-centimeter-thick by 50-centimeter-diameter
copper plates, make the magnets self-supporting with no volume sacrificed to non-current-
carrying structures.

Of importance to the experimenter is the volume in the field available for apparatus.
Of particular interest is test volume inside a controlled-temperature Dewar. For experi-

ments these magnets and associated Dewars have clear working diameters of 1. 6 and
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Figure 6. - Flow diagram of 11-tesla water-cooled electromagnet.

6.0 centimeters, respectively, in liquid helium. The cost of each of the magnet coils
was less than $6000.

The water-cooled magnet system, including the magnet and homopolar generator,
was later reproduced at the magnet laboratory of the NASA Jet Propulsion Laboratory
(ref. 5).

Cryogenically Cooled Aluminum Magnets

It is hard to get high current density, structural strength, and low power consumption
simultaneously in magnet windings. It is still harder to use the conductor material itself
as the structure. The massive turns of the previously described water-cooled magnets
were self-supporting, but at much higher densities pure copper is not strong enough to
support itself. Some copper alloys (BeCu, ZrCu, etc.) have much higher strength with
only moderately increased resistivity. However, still greater gains in strength and much
lower resistivity are possible with specialization. Many steels with much higher strength
than the copper alloys, are better for structural support. On the other hand some high
purity metals cooled to cryogenic temperatures have resistivities of only 1/100 to 1/1000
of that of copper at room temperature. Thus it is very desirable to separate the functions
of conduction and stress support. Greater strength and lower power consumption result.
These are the principal advantages of cryogenically cooled (nonsuperconductive) electro-
magnets (refs. 6 to 8).
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The resistivity of commercial-grade (99. 9 percent pure) copper at 20 K (the boil-
ing point of liquid hydrogen at atmospheric pressure) is 1/120 of its value at room temper-
ature (293 K), but at 77 K (the boiling point of liquid nitrogen at atmospheric pressure) it
is only 1/7 of the resistivity at room temperature. But, as shown in figure 7 (ref. 9),
these ratios can be much smaller for very high purity conductors. For example, the
National Bureau of Standards has produced samples of copper and aluminum with ratios
less than 1/25 000 and, in some instances, have approached 1/40 000. For a 99.9983-
percent-pure aluminum (a purity possible without zone refining) these ratios are 1,/2000
at 4.2 K and 1/1000 at 20. 4 K.

Another significant factor for magnet construction is the magnetoresistivity. The
magnetoresistivity of a conductor is that component of its resistivity which is dependent |
upon the magnetic field in which the conductor is located. In figure 8 the magnetoresistiv- |
ity of aluminum is plotted as a function of magnetic field for several temperatures of in- |
terest. It can be seen that the magnetoresistivity saturates with magnetic field at fields }
of 1,0 to 5.0 teslas, depending upon the purity of the aluminum and the temperature. The
magnetoresistance data for copper, shown in figure 9 (ref. 10), do not exhibit a corres-

10
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TABLE II. - SPECIFICATIONS OF CRYOGENICALLY COOLED ALUMINUM MAGNETS

Specification Magnet

11. 5-cm bore | 30. 0-cm bore

Number of coils 8 6
Approximate number of turns per coil 90 75
Packing fraction 0.4 0.4
Inner diameter of coil, cm 13.0 30.5
Outer diameter of coil, cm 94 94
Ratio of outer to inner diameter of coil s L 3.1
Ratio of length to inner diameter of coil 4.0 193
Inner diameter of liquid-helium Dewar, cm 6.4 23
Inner diameter of magnet core at room temperature, cm 6.4 23
Maximum magnetic field, T 19.9 8.0
Maximum current, kA 30.4 ld. 0
Total voltage, V 34.3 22.9
| Power consumed, MW 1. 042 0. 229
Ratio of magnetic field to current, T/A 13.1x10"% | 8.0x107%
Total stored energy, MJ 9.4 3.6

ponding saturation. Hence, aluminum becomes a ‘strong candidate for high-field, cryo-
genically cooled electromagnets. The 99.9983-percent-pure aluminum was chosen as the
conductor material for two magnets with inner diameters of 11. 5 and 30. 0 centimeters,
respectively (see table II).

As seen in figure 8, the temperatures which are suitable for cooling an electromagnet
are provided quite well by liquid helium at 4. 2 K, liquid hydrogen at 20. 4 K, and liquid
neon at 27.2 K (refs. 11 and 12). Liquid helium is not a good coolant for pool-boiling heat
transfer because the latent heat of vaporization (~20 J/g) is so small, The hazards of
liquid hydrogen preclude its use in a populated area such as the Lewis Research Center.

Neon is a rare, inert gas whose only known source is the Earth's atmosphere, where
it occurs at a concentration of approximately 18 parts per million. Since neon is inert
there are no safety problems except those inherent with any cryogenic liquid. Large-
scale production of liquid oxygen for the steel industry during the last decade has made
neon available in large supply at a considerable reduction in cost. Even so, at $30 per
standard cubic meter of gas the cost of operating with liquid neon ($42 per liter) is pro-
hibitive unless the gas is recovered and reliquified for reuse. The capital investment re-
quired for the liquid-neon refrigerator and liquifier was one-third (ref. 12) that of a cold-
helium gas system large enough to cool the magnets desired. In addition, liquid neon is
a very desirable cryogen for use in a boiling heat transfer application because of its large
latent heat per unit volume. Hence, liquid neon was chosen as the coolant for the electro-
magnets.

12
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The construction of the aluminum coils is shown in figure 10 (ref. 7). Each turn of
the magnet consists of a composite structure providing the current path, structural in-
tegrity, coolant passages, and insulation. The conductor, processed from 99. 9983-
percent-pure aluminum, is 5 centimeters wide by 0. 2 centimeter thick. It was anodized
to produce a uniform coating of aluminum oxide (A1203) on the surface. This coating
serves to insulate the high-purity aluminum from the stainless-steel channel and to im-
prove the boiling heat transfer by providing additional sites for incipient boiling. The
channel supports the very soft, annealed aluminum (heat treated at 400° C for 2 hr) on
three sides.

The stainless-steel channel in addition to restraining the aluminum provides the hoop
strength and much of the turn-to-turn and coil-to-coil bearing surface. Flow channels
for the liquid-neon coolant are provided by stainless-steel spacer bars held in place and
equally spaced by a thin corrugated carrier ribbon of stainless steel. A glass and epoxy
resin cloth provides insulation between turns.

The spacer bars were cemented to the carrier ribbon and these parts were handled
as a subassembly. During the coil winding process (fig. 11) a thermosetting bonding
agent was applied to all surfaces, except the conductor surface, to be exposed to the cool-
ant.

Additional parts making up the coil assembly are high-purity aluminum center bus
rings and outer bus bars, stainless-steel forged outer rings for additional hoop strength,

13
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and glass-epoxy radial coil-spacer and insulation bars. Oven curing of the bonding agent
and welding together the center rings of coil pairs completed the winding assembly.

The coils contain approximately 150 meters of the aluminum conductor. The center
ring serves two purposes: (1) the conductor is welded to and wound around the ring as a
coil form, and (2) the ring transfers the current from one coil to its neighbor to form a
magnet pair. The rings are slit vertically and secured with a fiber glass resin insert to
interrupt the current in the ring, which otherwise reacts with the changing field to expel
the rings.

Two bore sizes of this magnet have been built and operated at the Lewis Research
Center. The larger bore is 30 centimeters and the smaller is 11. 5 centimeters. The
magnet coils are connected in a series - parallel arrangement as shown in figure 12.

5§ 9é 11§ 5§ 7§
6§ 103 123 6§ s§

(a) 12-Coil magnet. (b) 8-Coil magnet.

Figure 12. - Electrical connections of aluminum coils in series-parallel circuit.

This arrangement has proved to be efficient in producing the required fields within the
voltage limit of the homopolar generator and with a current requirement well within the
capability of the generétor.

A completed stack of these coils ready to be inserted in the cryostat is shown in fig-
ure 13. Clearly shown in this photograph are the bus bars and the supporting structure
which prevent their deformation by the interaction of the current and the field. Also
shown in the photograph are a series of ''arc balls'' which are intended to provide a non-
destructive path for an arc if a large inductive electromotive force develops because of
an accident to a bus bar or other system components.

15
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The cryostat, including a complete set of coils, is shown in figure 14. As shown here
(11. 5-cm-bore coils) the installation is complete and ready for the lid of the cryostat to
be put into place and secured. In the picture the capacitance-type liquid level gages are
shown mounted on the inner wall of the vessel.

Figure 15 is a schematic drawing of the completed facility, and figure 16 shows photo-
graphs of the completed installation. In the schematic (fig. 15) the construction of the
cryostat is illustrated with the vacuum jacket, the liquid-nitrogen jacket, and the trace
lines for precooling of the magnet vessel and coils. Figure 16(a) shows the vacuum pumps
which pump down the vacuum-jacketed lines and vessel. The pipes which carry the liquid
neon are shown on the photograph also.

The picture of the top of the cryostat (fig. 16(b)) shows the vapor recovery line which
takes the neon gas back to the liquifying plant. Figure 16(b) also shows television and

- lighting ports and the insert Dewar which provides room-temperature (or any other tem-

perature) access to the magnetic field.

Performance of Cryomagnets

The aluminum cryogenically cooled magnets have been in operation for about 5 years.
Some of the data obtained from this program are presented in figures 17 and 18 and
table II. The specifications of the two magnets are given in table II and some data from
the operation in table III. In figure 17 the power required for the 11. 5-centimeter magnet
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Figure 17. - Performance of 11. 5-centimeter-bore cryomagnet.
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TABLE III. - OPERATION OF 11. 5-

CENTIMETER-BORE

CRYOMAGNET
Test [ Current, | Magnetic | Potential | Power,
kA field, |difference| kW
T across
coil,
A%

1 7.0 9.2 116 162
2 9.9 13.0 18. 8 372
3 79 10. 4 12. 17 201
4 10.5 13. 8 18.0 378
5 12. 4 16. 2 22.0 545
6 12.9 16.9 24.5 634
f 13.7 18.0 27.0 742
8 14.3 18.8 30.0 858
9 10. 7 14.0 20. 6 441
10 14.8 19.4 31.0 918
11 15. 2 19.9 33.0 1004




is shown over the operating range from 0 to 20. 0 teslas. Figure 18 shows the change in
resistance of the coils over the same operating range. This change in resistance is
caused by the change in magnetoresistance of the aluminum conductor as the field in-
creases and by the heating of the conductor as the current increases during a period of
operation.

The operation of the cryogenically cooled magnets is limited by the capacity of the
refrigeration system - approximately 80 liters of liquid neon per hour. This limitation
can be better expressed as one period of operation per one 24-hour day. The time of a
period of operation depends upon the field strength desired. At maximum field (maximum
power consumption) the time of operation is about 1 minute total time including time to
run up to field, time of operation at desired field strength, and time to shut down. The
time is much longer, of course, for lower field ranges. During a typical day's operation,
four runs at 4.0 teslas, two at 5.0 teslas, one at 17. 7 teslas, and one at 11. 0 teslas were
achieved.

The power required for the maximum field produced to date is seen from table III to
be 1.0 megawatt at 33 volts and 15 200 amperes in each of two parallel sets of coils.
These data illustrate two important achievements of the aluminum magnets:

(1) The total power consumed has been substantially reduced (by a factor of 20 or
more) from that required for water-cooled magnets of the same field strength and vol-
ume of field.

(2) The total current required has been reduced also - by a factor of 3 or 4 - to a
range which is much more compatible with the specifications of the homopolar generator.
Indeed, the requirements are within the capacity of the rectifier power supply described
previously. This second point is only advantageous when compared with the water-cooled
magnets powered by the same type generator described previously.

There are other advantages of cryogenic operation of electromagnets as exemplified
by the Lewis Research Center's system of magnets:

(1) The fields can be swept quite rapidly; and hence, experiments which require
fields of this kind are readily accommodated.

(2) Ripple and noise fields are very small, ~1073 tesla.

(3) The general design is appropriate for solenoids of still higher field strength -
higher than those possible with superconducting magnets made with presently known
superconducting materials.

The major disadvantages of cryogenically cooled magnets are (1) the short operating
time at maximum field, (2) the large capital investment for the refrigeration plant, (3) the
large, bulky, and very heavy magnet coils, and (4) the very large and heavy cryostats
needed to ensure enough volume to store the cryogen prior to a run.

Despite these disadvantages the magnets are reliable and produce high-intensity fields
for research in basic physics and in engineering applications (refs. 13 to 15).
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SUPERCONDUCTIVE MAGNETS

After the development of the high-critical-field superconductors (a conductor made
of niobium stannide (Nb3Sn) was announced in January 1961 by Kunzler, et al., in ref. 16)
the Lewis Research Center began a program for the development of high-field, large-
volume, superconductive magnets. This program consisted of both in-house and contract
research and development. The magnets resulting from this program are described
herein.

Magnetic Bottle

A system of coils whose combined field is shown in figure 19 was built as a prototype
for plasma physics experiments (refs. 17 to 19). The system consists of two magnetic
mirror coils that produce 5 teslas each on the axis of the system and a mirror ratio of
2:1 with the central field. The more uniform central field is provided by inserting a third
coil between the two mirror coils, as shown in figure 19. A "'minimum B'' field which is
more effective than the simple mirror field for plasma containment is produced by a sys-

Coil A Coil B Coil C

L=

Lo—

Relative field strength along centerline

. | ! | |

=2 =l 0 1 2

Relative distance from center of coil B

Figure 19. - Magnetic mirror configuration for plasma physics experiments.
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tem of linear conductors (Ioffe coils, ref. 20) equally spaced around the inner diameter
of the coil forms.

A photograph of the actual quadrupole Ioffe coil is shown in figure 20(a), and the
winding scheme is shown in figure 20(b). These Ioffe coils are wound with niobium stan-
nide (copper clad for stability). They operate quite satisfactorily and are not easily driven
to the normal state.

A

C-65-1617

(b) Schematic of current path in coil.

Figure 20. - loffe coil (quadrupole configuration).

The three main coils are wound with a seven-strand niobium - 25-atomic-percent-
zirconium (Nb-25Zr) cable which is copper plated and dipped in indium. This partially
stabilized material is easy to handle and wind into coils. Between turns, insulation is
provided by a Mylar film, and aluminum foil provides an energy sink to absorb some of
the energy when the coils are driven normal. Monofilament nylon threads (0.05 cm in
diam) are wound back and forth between layers of windings to provide passages for the
liquid helium to penetrate the windings. The complete magnet is shown in figure 21.
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Figure 21. - Magnetic bottle.
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Figure 22. - Charging history of coil A alone.




The performance of the system of coils is best described by showing the variation of
coil current as it is increased with time. Figure 22 shows that a mirror coil can be
charged in less than 2 minutes and that the design field of 5 teslas is achieved.

Similar coils are being wound with a fully stabilized niobium-titanium conductor in
place of the seven-strand niobium-zirconium conductor.

Force-Reduced Toroids

The concept of the force-free magnet has been known and used since the early days in
the production of high-field magnets. Pioneers such as Kapitza (ref. 1) and Cockcroft
(ref. 21) used the principle of uniform hydrostatic pressure throughout the magnet wind-
ings. In more recent times, the concept has been used in various laboratories concerned
with the generation of high-intensity fields of large volume for thermonuclear research
(refs. 22 and 23).

It can be easily demonstrated, of course, that no finite magnet is truly force-free.
Nevertheless, a toroid can be wound so that everywhere the conductor is nearly parallel
to the field. In this case, j X B (where j is the current, and B is the magnetic field) is
small, and there is a reduced normal force on the conductor.

For superconductors, however, there is another advantage of winding the conductor
parallel to the local magnetic field. Experiments have shown that superconductors carry
more current when placed in longitudinal fields than when placed in transverse fields.
Measurements reported in references 24 and 25 show that the critical current is strongly
influenced by the angle that the conductor makes with the field. These and other investi-
gations (ref. 26) show that the current can be increased by as much as a factor of 10 or
more. In figure 23 the variation of the critical current with the angle 6 made by the
conductor with the magnetic field is shown for two different superconductors, niobium-
zirconium and niobium stannide.

Two force-reduced toroids have been produced for NASA Lewis Research Center
under contract. These toroids are wound with niobium - 25-atomic-percent-zirconium
wire which has the short-sample critical current-field curves shown in figure 24. The
figure shows that the current is at a maximum when the conductor is placed in a 2. 5-
tesla field parallel to the direction of the current. The NASA toroids were designed to
operate in a self-field of this magnitude to take advantage of this increased performance
and enhancement factor of about 7. (Dashed lines in fig. 24 indicate this design field.)
However, not all this enhancement was realized in the wound coils. The critical currents
of the two force-reduced coils were 60 and 63 amperes, respectively (enhanced by a fac-
tor of 3 to 4), as compared with 17 to 20 amperes for a conventionally wound coil of the

same material.
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(a) Niobium-zirconium superconductor (ref. 24).
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(b) Niobium stannide superconductor (ref. 25).

Figure 23. - Critical current as function of angle made by conductor with
magnetic field.
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Figure 24. - Typical curve of short-sample critical current as function of magnetic field for niobium-zirconium wire (ref. 24).

High-Field, Large-Bore Solenoid

To further develop the technology for producing intense, large-volume magnetic fields
with superconducting material, it was decided to build a solenoid that would generate a
14-tesla field in a 15-centimeter bore. To produce a field of this magnitude in such a
volume by conventional, water-cooled magnets would require many megawatts of power;
thus, the advent of high-current, high-field superconductors made such a magnet feasible.

The solenoid was built on contract for the Lewis Research Center (ref. 27). It was
wound with a ribbon conductor consisting of niobium stannide vapor deposited on a sub-
strate of stainless steel. At the present, niobium stannide has the highest critical field
(>22.0 T) and the highest critical temperature (18. 4 K) of any commercially available
superconductor. (Recently a superconductor with a critical temperature >20 K was an-
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nounced (ref. 28). No details concerning its critical field and critical current are as yet
available.) Extensive research during the past several years has failed to find a super-
conductor that approaches niobium stannide as a useful high-field material. This mate-
rial can be combined with an exceedingly strong substrate and can be manufactured in a
range of sizes to carry a large range of currents. Physical properties of a typical rib-
bon used in the Lewis 14-tesla magnet are presented in table IV.

The ribbon material is silver plated or copper clad for stabilization of the supercon-
ductor and for protection of the superconductor during handling. The ribbon can be
wound, unwound, and rewound on a small radius (=1 cm) without damage to the perform-
ance of the superconductor. The short-sample performance is shown in figure 25

TABLE IV, - PHYSICAL PROPERTIES OF NIOBIUM

STANNIDE - STAINLESS STEEL RIBBON (ref. 28)

Property Stainless steel | Niobium stannide
substrate superconductor
Width, cm 0.23 0.23
Thickness, cm 0.008 0.001
Length, km 88 88
Current density, A/cm2 ------ 108
Tensile strength, N/m2 16><108 16><108 (without
damage to
superconductor)
800 — \
N\ N
N

r
40— \ \ ~7-Fully stabilized material
L NN

N

100
80

ol

~High-field material

Coil current, A

I

" | | | |
0
Total field, T

Figure 25. - Critical-current - magnetic-field characteristics of niobium stannide ribbon
(ref. 29).
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(ref. 29) where the current is plotted as a function of the external field. Also shown are
the data for two types of niobium stannide ribbon that were manufactured for specific field
ranges.

Since large hoop stresses are encountered in magnet coils of this size (15-cm bore),
the effect of stress on the superconductor is an important parameter. Figure 26 shows
the effect of stress on copper- and silver-plated niobium stannide ribbon samples that
were oriented transversly to the magnetic field with the field parallel to the plane of the
ribbon (ref. 30). This transverse relation of current to field occurs at the innermost
turns of large solenoids. Figure 26 shows that the critical current density as a function
of stress was relatively constant for both types of plating. The critical current density
of the copper-plated ribbon increased slightly with stress (fig. 26). Generally, the in-
crease was less than 5 percent. With all the samples, the current density decreased
sharply and the sample became resistive just before the breaking point.

The 14-tesla, 15-centimeter-bore solenoid consists of 22 modules, or subcoils, and
20 energy sinks, as shown in figure 27. These modules (one of which is shown being

6x108
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o 1
o 2

T Limits of accuracy

o
£
=
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g, | | | | | 1 l
] . -
= (a) Silver-plated material.
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) ]
Force Force <D> 4
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!

Magnetic field
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(b) Copper-plated material.

Figure 26. - Effect of stress on current density of niobium stannide ribbon oriented with magnetic field
perpendicular to current in plane of ribbon.
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Figure 28. - Module of 14-tesla magnet being wound.

wound in fig. 28) were designed to withstand not only the forces which are encountered in
their self-field but also the forces developed when the solenoid is placed in external fields
in the form of magnetic bottles used for plasma-physics experiments. The energy sinks
absorb some of the energy released when the magnet returns to the normal state. The
performance of the magnet is shown in figure 29, where the field is plotted as a function
of time at different positions in the magnet (ref. 27). The charging time is designed to
be 5 to 7 hours, and the current is supplied by four 100-ampere power supplies. Since
the time required to cool down and to charge the coils is quite long, it is anticipated that
the coils will be kept cold and charged somewhere near capacity at all times.

The control circuitry provides for automatic as well as manual control of the charg-
ing and discharging rate. Instrumentation is included within the windings to monitor the
magnetic field, the temperature, and the stress on the conductors. The completed mag-
net is shown in figure 30, and the magnet, Dewar, controls, and instrumentation are
shown in figure 31.
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Figure 30. - 15-Centimeter-bore, 14-tesla magnet and
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Transverse-Field, lron-Core Solenoid

In 1964 the solid-state physics work at Lewis Research Center generated a need for
a magnetic field transverse to the test sample for experiments at liquid-helium tempera-
ture.

Adequate field uniformity requires at least a 10-centimeter-diameter bore. Because
an attractive force exists between two sets of coils arranged to produce a transverse
field, a certain amount of structure is required to support the magnet. It was decided to
use an iron-bound configuration to supply the necessary support and a return path for the
flux. The magnet shown in figure 32 was designed by Paul R. Aron. Figure 32(a) is a
photograph of the magnet and 32(b) is a schematic of the coils and support tube. This
configuration had the following advantages: (1) The iron shell would reduce the fringing
field, a safety consideration in a crowded laboratory. (2) The field uniformity in the
gap would be improved. (3) In the event that the critical current did not prove to be as
high as expected, we would be assured of a useful field even at very reduced currents
because of the magnetization of the iron.

At the time the design was initiated, copper-clad, 0.025-centimeter-diameter,
niobium - 25-atomic-percent-zirconium wire was considered to be the best material;
consequently, this material was used in the construction of the magnet. The magnet was
wound in tf1e form of pancake coils, 2.5 centimeters in axial thickness. The modular de-

, sign was chosen to allow replacement of a part of the magnet if damage should occur in
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(a) Photograph of magnet.
Figure 32. - 11.5-Centimeter-bore, iron-core, superconductive magnet. Transverse field.
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service or if the particular batch of wire proved to be degraded in its properties. Also,
the modular design would allow useful measurements of the critical current as a function
of the number of coils.

There were 10 identical pancakes arranged 5 on each side of the gap. Initial testing
showed that the magnet critical current was most predictable if the coils were firmly
bolted together; therefore, spring-type washers were used in such a way that a preload
was maintained on the coils during cooldown. The coil forms were made of copper to
provide a field decay time long enough to prevent damage to the windings during a nor-
malcy. The wire was fully insulated with nylon, and a 0. 0025-centimeter-thick Mylar
sheet was used between layers and on the inside faces of the coil form flanges. The wire
was potted, as it was wound, with an epoxy resin in an attempt to prevent wire movement
and to improve the thermal coupling of wire and the bath. Later research has shown, of
course, that a better approach is to create open passages to permit the free flow of liquid
helium around the wire. The core was machined from iron chosen for its low retentivity
and relatively high saturation. The Dewar was designed such that the magnet can be kept
in liquid helium over a weekend without attention. This ensures that the magnet can be
operable for long periods when the scheduled experimental program is intense. A net
saving in money and manpower can result in this mode of operation, since the cost of he-
lium competes with the extra cost in man hours that are required to precool, fill with
helium, and then test the magnet before it is ready for operation. The Dewar was also
designed such that operation at reduced temperatures is possible, and temperatures down
to 1.4 K have been achieved. At the top of the Dewar is a rotatable flange on which the
experiment is mounted. This flange is equipped with a motor drive and angular readout.
The field is monitored with a fixed coil, in the gap, whose output is integrated. The inte-
grator drift is low enough so that measurements better than 99. 9 percent accurate can be
made in a period as long as 3 hours.

The magnet is connected electrically in series with reverse diodes across each coil
(fig. 32(c)) to prevent the development of high voltages during a normalcy.

The coils were tested individually prior to assembly and exhibited critical currents
between 20 and 30 amperes except for two which had critical currents of 7 to 8 amperes.
These two coils were not powered in the final assembly and were used only as spacers.
Initially the coils were assembled and operated without the iron core and showed sharply
degraded critical currents. The maximum critical currents obtained (16 A) were not
always reproducible and could be achieved only at impractical low rates of rise. The
maximum reliable critical current was 11 amperes. After assembly in the iron yoke,

a maximum reliable critical current of 10.7 amperes, producing 3. 8 teslas, was
achieved at a linear rate of rise of approximately 0. 4 tesla per minute. This same rate
can be used to drive the magnet down in field.

Achievement of the 10. 7-ampere critical current requires 2 to 3 training steps. The
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need for this training process, which consumes time and helium, is an added incentive for
keeping the magnet superconductive for long periods. The field uniformity was measured
perpendicular to the magnet axis and was found to be uniform within +0. 2 percent over
2.5 centimeters at 1.5 teslas and within +0. 7 percent over 2. 5 centimeters at 3. 5 teslas.
The field on this axis at the midplane is plotted against current in figure 33. The
final Dewar boiloff rate with the magnet installed is 0. 5 liter per hour and changes very
little when the magnet is powered. The magnet has been in service since July 1965 and,
when used within the above limits, has proved to be a useful and reliable facility. The
vital statistics of this magnet system are summarized in table V. Figure 34 shows a typi-

Magnetic field, T

& | 1 | I L |
0 2 4 6 8 10 12
Magnet current, A

Figure 33. - Magnetic field at center of gap as function of
magnet current for iron-core, superconductive magnet.

TABLE V. - SPECIFICATIONS OF 11. 5-CENTIMETER-BORE, TRANSVERSE-

FIELD, IRON-CORE SUPERCONDUCTIVE MAGNET

Critical current, A 1054
Maximum field, T 3.8
Gap, cm 2. 54
Pole face diameter, cm 11.5
Coil outside diameter, cm 20
Winding diameter, cm 12. 8
Yoke material Ingot iron
Typical number of turns on each module 5700
Length of wire per module, m 2900
Wire material Nb - 25 at. % Zr
Superconductor diameter, cm ¢ 0. 0254
Wire plating Electrolytic copper, 0.0025 cm thick
Wire insulation ; Nylon
Maximum rate of change of field, T/min 0.4
Dewar boiloff, liters/day 12
Stored volume of helium, liters 30
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Figure 34. - Short-sample critical current as function of
magnetic field for niobium - 25-atomic-percent-
zirconium wire. Temperature, 4.2 K.

cal short-sample curve on which the coil load line for the maximum field region is super-
imposed. The load line (actual operating current-magnetic field relation) shows the re-
latively low current obtained as compared with the short-sample value.

CONCLUDING REMARKS

Described in this report are several electromagnet systems which have been devel-

TABLE VI. - MAGNET FACILITIES AT NASA LEWIS RESEARCH CENTER

Facility Coolant Magnetic field, Bore, | Length,| Power Operating
T cm cm consumed, time
MW
Copper solenoid Water 1.5 5.0 25 1,52 Continuous
Copper solenoid Water 9.0 10.0 42 2.07 Continuous
Cryogenically cooled aluminum | Liquid neon 20.0 11./5 50 1.00 21 min
magnet
Cryogenically cooled aluminum | Liquid neon 16.0 30.0 75 0 21 min
magnet
Superconductive, high-field, Liquid helium | 14.0 15.0 29 Continuous
large-bore solenoid
Superconductive magnetic 5.0 (mirror coils),| 10.0 46
bottle 2.5 (center coil)
Superconductive, transverse- 3.0 10.0 NA
field, iron-core solenoid
Superconductive, force- 2.5 30.0 NA
reduced toroid " "

43everal runs are possible during a typical day's operation.
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oped at Lewis Research Center.

These magnets are water-cooled copper, liquid-neon-cooled aluminum, and super-
conductive. The highest field strength, 20 teslas in a 11. 5-centimeter-diameter cylin-
drical volume, is produced by the aluminum magnets. The superconductive magnets pro-
duce fields as high as 14 teslas in a 15-centimeter-diameter cylindrical volume, while the
water-cooled copper magnets produce 10 teslas in a 10-centimeter-diameter cylindrical
volume.

The operational characteristics of the magnets described in this report, and sum-
marized in table VI, are adaptable to research in plasma physics, magnetohydrodynamic
power generation, solid-state physics, and low-temperature physics.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, July 26, 1968,
120-26-09-15-22.
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APPENDIX A

HOMOPCLAR GENERATOR CONTROLLER
by Erwin H. Meyn

The controller system (fig. 35) is a closed-loop control. The controller unit gener-
ates fixed voltages or variable-slope ramps which terminate at a predetermined fixed
voltage (see appendix B). The voltage generated by the controller is an analog of the de-
sired output current from the homopolar generator. Amplifier A-2 compares this volt-
age with the amplified signal from the shunt which provides a voltage proportional to the
output current. The error is amplified by amplifier A-3 and the exciter. This signal
drives the output of the homopolar generator through its field to bring the net error to
zero and thus bring the output current to the value set by the controller.

The shunt is composed of three 20 000-ampere, 50-millivolt shunts in parallel,
which are water cooled for efficient operation up to the generator maximum current of
200 000 amperes.

Manual control is accomplished by connecting the controller output into amplifier A-3
without comparison with the current in amplifier A-2.

The two reversing relays allow for reversal of the exciter field for the purpose of
quickly driving the current to zero in an inductive load.

Shunt
Amplifier
Reversing Reversing
relay relay Load
- -

Exciter Homopolar
Controller generator

Figure 35. - Control circuit for homopolar generator.
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APPENDIX B

ELECTRONIC RAMP-AND-HOLD FUNCTION GENERATOR

AS CHARGING CONTROL FOR ELECTROMAGNETS
by Russell J. Jirberg

In the control of many electrical or mechanical systems it is often desirable to oper-
ate the system between preset points and to accomplish the change between these points
in a linear fashion with time. This mode of control is frequently referred to as the
""'ramp-and-hold'’ operation. A typical situation in which this type of control is sought is
the energizing of an electromagnet to a preselected magnet field level at a fixed rate so
as to maintain a constant charging voltage during the field sweep.

Basically, a voltage ramp function may be generated in a number of ways. Two
readily obtained methods utilize (1) the voltage appearing across a capacitor charging
from a constant current source, and (2) the voltage at the slidewire of a motor-driven
potentiometer fed from a constant voltage source. The first of these methods has been
applied to the water-cooled and neon-cooled electromagnets and the second is chosen for
the controller of the 14-tesla superconductive magnet described in this report.

The ramp voltage appears at the output of an operational amplifier integrator, the
input of which is a constant voltage. The fundamental integrator circuit is shown in fig-
ure 36. The ramp is dependent both on the time constant determined by the resistance
R and the capacitance C and on the magnitude of the input voltage €;- Removal of the
constant voltage input after a period of integration establishes a ''hold'' condition.

The complete circuit diagram of the generator is shown in figure 37. The voltage
ramp is produced by the operational amplifier 1 (OA-1) stage comprised of the 2- megohm

t
o=~ | edt=Vt
. RC RC

Figure 36. - Integrator circuit.
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input resistor, a series of feedback capacitors so chosen as to permit integrating time
constants between 0. 1 and 10 seconds, and a voltage source (the output of OA-3). The
OA-3 stage functions as a bipolar switch with a graded null, the characteristics of which
are shown in figure 38. During periods when OA-2 drives the input of OA-3 away from
zero, the integrator is presented with an essentially constant voltage of approximately
0. 6 volt to integrate and produce the ramp output. When the output of OA-2 is zero the
input voltage to the integrator is reduced to zero, and a hold condition results.

—>

————————— +0.5

1|—

Figure 38. - Characteristics of bipolar switch stage of controller.

The OA-2 stage functions as a voltage comparator which senses the difference in the
magnitude of the ramp output to that of the ''limit'' voltage set by the 10-turn potentiom-
eter. This potentiometer serves as a variable reference and produces an output which
switches between nearly constant levels in a manner identical to the action of OA-3. The
polarity of the output indicates the sense of the error of the ramp away from the selected
limit voltage. Hence, under conditions during which the magnitude of the ramp output is
not equal to that of the set limit voltage, a fixed-level voltage appears at the input to the
integrator and is phased so as to drive the ramp output to the point set by the ''limit"’
control.

Under this closed-loop mode of control the stability of the hold is determined solely
by the stability of the voltage reference. The reference incorporated into the circuit of
figure 37 derives its stability from a Zener diode carrying a nearly constant current.

The rate at which the output voltage ramps toward the set point is made adjustable
by choice of the integrating time constant (a range adjustment), and by scaling the voltage
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presented to the integrator with the potentiometer at the output of OA-3 (a fine adjust-
ment).

The 1-megohm feedback resistors around OA-2 and OA-3 are included to ensure
graded nulls and gains not to exceed 10 and 100, respectively. The use of four diode pairs
as nonlinear feedback and load elements for OA-2 and OA-3 serves to provide an essen-
tially constant input voltage to the integrator regardless of the magnitude of the error be-
tween output and reference.

If it is necessary to interrupt the ramp momentarily during a sweep, a pushbutton
(S-2 in fig. 37) is provided to remove the voltage to the integrator and thus produce a
hold. This hold condition is, of course, subject to drift; the drift can be minimized by
careful adjustment of the offset voltage of OA-1.

Additional controls include a selector switch S-4 for selection of either positive or
negative output polarities or the zero potential reference, and a reset switch S-1 to dis-
able the integrator and clamp its output to zero when selecting integrating capacitors or
for instantaneous return to zero output.

Before a ramp-and-hold operation, switch S-1 is placed in the ''reset'' position,
switch S-4 is placed in the ''0'' position, an appropriate time constant is selected with
switch S-3, and the limit point is set as indicated on the 10-turn potentiometer. The
ramp-and-hold operation is then executed by switching S-1 to ''active’’ and S-4 to either
""+'"or "'-'"", depending on the desired output polarity.
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